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BACKGROUND OF THE INVENTION 

Field of the Invention 

[0001] This invention relates to a plasma or a glow discharge for dissociating one or 
10 more gases into reactive and non-reactive ionic and reactive and non-reactive neutral 
species, and in particular, to improving the power density necessary to dissociate one or 
more gases for use in a plasma. 

Description of the Prior Art 

15 [0002] Plasma apparatus can be divided into two broad categories, downstream or 

remote plasma and direct plasma. In downstream plasma, the article(s) are not inmiersed 
in the glow discharge, as it is in direct plasma. The result is a somewhat more gentle 
treatment of the article(s) because high power electromagnetic waves at high frequency are 
not coupled through the article(s) and there is no heating from direct ion bombardment. In 

20 either type of apparatus, it is known in the art to employ some type of plasma for 
processing one or more article(s). 

[0003] Typically, one or more reactive gases (such as, oxygen-based gases, or 
halogen-based gases, including fluorine, chlorine, bromine, or other equivalent gases, as 
well as gas molecular compounds having one or more oxygen or halogen atoms), are used 
25 in combination with other gases due to the highly reactive nature of the reactive gas(es), in 
a downstream plasma chamber. A problem with these additive gases is that the energy 
necessary to dissociate some additive gas molecules can be less than that energy necessary 
to dissociate the intended halogen-based gas molecule. In the discharge zone, the applied 
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energy can be undesirably absorbed by gas molecules other than the reactive gas molecules 
intended for dissociation. 

[0004] In the prior art, a power supply producing large amoimts of microwave power 
was typically used to assure dissociation of one or more gases. Much of this power was 
5 wasted in recombination away from the one or more articles to be processed by the plasma. 
Often reactive ions attacked the chamber, or other components, thereby introducing 
undesirable contamination into the plasma process. 

[0005] A problem with many gases is that these gas molecules diffuse everywhere, 
including their diffusion toward the source of the one more reactive gas sources to supply 
10 the plasma, thereby contaminating the reactive gas sources. While one could adjust the 
relative flows of the gases, the mixture would be determined by the diffusion problem, 
rather than by the most effective mixture for processing the one or more articles to be 
processed by the plasma. 

[0006] Another problem with prior art plasma technology for multiple gas sources is that 
15 high power was consumed in order to dissociate each gas, and the operating temperatures 
of the plasma chambers could become sufficiently high to significantly decrease the 
reliability and/or significantly increase the cooling requirements. Large gas flows for 
plasma generation also required large amounts of power and could create these same 
problems. 

20 [0007] In view of the foregoing, what is needed is an improved method and apparatus for 
efficiently dissociating one or more gases into a plasma with a higher power density, and 
producing reactive and non-reactive ionic species and reactive and non- reactive neutral 
species from one or more gases, without contaminating the one or more gas sources. 

25 SUMMARY OF THE INVENTION 

[0008] The present invention includes a constriction in the exhaust side of the discharge 
chamber or plasma chamber containing one or more gases, which localizes the plasma to 
the region of the constriction, increases the power density of the region, and isolates the 
plasma from the rest of the system. In one embodiment of the invention, one or more 
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gases are dissociated. More than one gas can be combined in a chamber. In another 
embodiment, one or more inert gases and one or more reactive gases (e.g., a oxygen-based 
or halogen-based gas) with or without other gases or vapors are dissociated and then other 
gases or vapors (e.g., water vapor, or an equivalent vapor) are added and then another gas 
5 is added and the mixture is dissociated. The invention can be implemented in numerous 
ways, such as by a method, an apparatus, or a plasma system. Four aspects of the 
invention are described below. 

[0009] A first aspect of the invention is directed to a method for treating one or more 
articles with a downstream plasma generated from dissociating one or more gases. The 

10 method includes supplying one or more gases from a source to a first chamber, including a 
means for controlling expansion of a plasma back through the source from the first 
chamber, applying RF power to dissociate one or more gases and create plasma, 
withdrawing one or more dissociated gases from the first chamber through a constriction, 
and supplying one or more dissociated gases to a second chamber containing one or more 

15 articles. 

[0010] A second aspect of the invention is directed to a method for treating one or more 
articles with a downstream plasma generated by dissociating one or more gases. The 
method includes supplying one or more gases from a first source to a first chamber, 
applying RF power to dissociate one or more gases in the first source and create a first 

20 plasma, withdrawing the first plasma from the first chamber through a first constriction, 
supplying one or more gases from a second source to a second chamber for RF power to 
dissociate one or more gases from the second source to create a second plasma, using a 
second constriction to withdraw the second plasma one or more gases from the second 
chamber, and supplying the first plasma from the first chamber and the second plasma 

25 from the second chamber to a third chamber containing one or more articles. 

[0011] A third aspect of the invention is directed to an apparatus to dissociate one or 
more gases to produce a downstream plasma. The apparatus includes a first chamber with 
a first constriction, coupled to a first source of one or more gases, including a means for 
controlling expansion of a plasma in the first chamber back through the first port; one or 



GGOl 

more RF energy sources coupled to the first chamber; means for dissociating the one or 
more gases in the first chamber into a plasma; and a second chamber coupled to the first 
chamber, wherein the second chamber contains one or more articles. 
[0012] A fourth aspect of the invention is directed to an apparatus to dissociate one or 
5 more gases to produce a downstream plasma. The apparatus includes a first chamber with 
a first constriction, coupled to a first source of one or more gases; a second chamber with a 
second constriction, coupled to a second source of one or more gases; one or more RF 
energy sources coupled to the first chamber and the second chamber; means for 
dissociating the one or more gases from the first port into a first plasma in the first 

10 chamber and for dissociating one or more gases from the second port into a second plasma 
in the second chamber; and a third chamber coupled to the first chamber and the second 
chamber, wherein the third chamber contains one or more articles. 
[0013] These and other objects and advantages of the invention will become apparent to 
those skilled in the art from the following detailed description of the invention and the 

1 5 accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0014] FIG. 1 A illustrates a plasma generating apparatus constructed in accordance with 
one embodiment of the invention, which includes a gas inlet which supplies one or more 
20 gases to a discharge chamber, which also has a capillary tube to prevent plasma expansion 
into the gas inlet. 

[0015] FIG. IB illustrates a plasma generating apparatus constructed in accordance with 
an altemative embodiment the invention, which has a gas inlet which supplies one or more 
gases to discharge chamber, and small holes to prevent plasma expansion upstream from 
25 the discharge chamber through the gas inlet. 

[0016] FIG. 2A illustrates a plasma generating apparatus constructed in accordance with 
an altemative embodiment of the invention, which has a gas inlet which supplies one or 
more gases to a discharge chamber also having a dielectric layer between the discharge 
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chamber and a first electrode and a second electrode that are connected to one or more RF 
energy sources. 

[0017] FIG. 2B illustrates a schematic cross-section of downstream plasma apparatus in 
accordance with an alternative embodiment of the invention, vAdch has a discharge 
S chamber, which also has a dielectric layer between the discharge chamber and a first 
electrode and a second electrode that are connected to one or more RF energy sources. 
[0018] FIG. 2C illustrates a plasma generating apparatus constructed in accordance with 
an alternative embodiment the invention, which has a discharge chamber coupled to- a 
second chamber by output port, and one or more gases leave the second chamber by a gas 
10 outlet. 

[0019] FIG. 2D illustrates a schematic cross-section of downstream plasma apparatus in 
accordance with an alternative embodiment of the invention, v^ch has a discharge 
chamber, which also has a dielectric layer between the discharge chamber and a first 
electrode and a second electrode that are connected to one or more RF energy sources. 

15 [0020] FIG. 2E illustrates a schematic cross-section of downstream plasma apparatus in 
accordance with an alternative embodiment of the invention, which has a discharge 
chamber, which also has a dielectric layer between the discharge chamber and a fu^t 
electrode and a second electrode that are connected to one or more RF energy sources. 
[0021] FIG. 3 illustrates a plasma generating apparatus, in accordance with one 

20 embodiment of the invention, in which a gas inlet provides one or more gases to a plurality 
of discharge chambers, which are coupled to a chamber. 

[0022] FIG. 4 illustrates a plasma generating apparatus, in accordance with an alternative 
embodiment of the invention, in which different types of discharge cluunbers operate in 
parallel or independently, and are coupled to a chamber for combining the one or more 
25 gases fi^om the discharge chambers. 

[0023] FIG. 5 illustrates a plasma generating apparatus, in accordance with an alternative 
embodiment of the present invention, where two identical discharge chambers are coupled 
to a chamber for combining the plasmas fi-om the discharge chambers. 
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[0024] FIG. 6 illustrates an alternative embodiment of the invention in which the 
discharge chambers operate in series. 

[0025] FIG. 7 illustrates an altemative embodiment of the invention in which one or 
more reactive gases and another gas are supplied to a single discharge chamber. 
S [0026] FIG. 8 illustrates a schematic cross-section of a chamber for processing one or 
more articles, in accordance with another embodiment of the invention, 
[0027] FIG. 9 illustrates a flowchart of a method to provide a higher power density 
plasma, according to an altemative embodiment of the invention. 
[0028] FIG. 10 illustrates a flowchart of a method to provide a higher power density 
10 plasma in parallel, according to an altemative embodiment of the invention. 

[0029] FIG. 1 1 illustrates a flowchart of a method to provide a higher power density 
plasma in parallel, according to an altemative embodiment of the invention. 
[0030] FIG. 12 illustrates a flowchart of a method to provide a higher power density 
plasma in series, according to an altemative embodiment of the invention. 

15 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 
[0031] The invention provides a method, an apparatus, and a system to obtain high 
power density plasma to efficiently generate high concentrations of reactive and non- 
reactive activated neutral atoms and molecules downstream from a plasma source. Various 

20 embodiments of the invention can be applied to biological applications, medical 

applications, chemical applications, electronic applications, and any other applications 
where plasma can be beneficially used. Inductive coupling or capacitive coupling can be 
used to couple radio-frequency (RF) electromagnetic energy to one or more gases for 
dissociation and creation of plasma. In this specification, drawings, and claims, radio- 

25 frequency (RF) is defined as any frequency of electromagnetic energy equal to or greater 
than 5000 cycles per second (Hertz). 

[0032] In one embodiment of the invention, a constriction is used to generate a region of 
high power density, and a means of controlling the volume where the plasma is generated 
to prevent the plasma from expanding upstream. When multiple gas sources are used in 
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one embodiment of the invention, the exhaust of the tubes from the sources are positioned 
in front of each other to help insure that the plasma strikes in every tube. 
[0033] In FIG. lA, one embodiment of the invention includes a gas inlet 120 which 
supplies one or more gases to discharge chamber 111. Discharge chamber 111 also has a 
S capillary tube 1 10 to prevent plasma expansion into gas inlet 120. One or more radio- 
frequency (RF) energy sources 170 are coupled to inductor 115, which surrounds discharge 
chamber 1 1 1 and dissociates one or more gases passing through discharge chamber 111, 
which may be made of various materials (e.g., a dielectric material or an equivalent). 
Discharge chamber 1 1 1 is coupled to a second chamber (not shown) by output port 1 14. 

10 Discharge chamber 1 1 1 is coupled to output port 1 14 by constriction 1 1 8 to achieve a high 
power density. In accordance witii one embodiment of the invention, constriction 1 1 8 has 
a diameter that is a function of the power density required, the total gas flow required to 
obtain the desired reaction rate (e.g., ashing, cleaning, sterilization, surface modification, 
and other equivalent plasma processes). In alternative embodiments of the invention, one 

15 or more constrictions 118 can be used for the same chamber, each having an inside 
diameter ranging from one millimeter (nmi) to less than 19 millimeters, and a length 
substantially equal to or greater than one millimeter. In one embodiment, an insert as 
simple as a cylindrical disk with one or more holes drilled parallel to its cylindrical axis 
can provide one or more constrictions. Altemative embodiments have multiple inserts. 

20 [0034] In FIG. IB, an altemative embodiment of the invention has a gas inlet 120 vAnch 
supplies one or more gases to discharge chamber 1 1 1. A metal or dielectric material 184 
encloses gas inlet 120 and a dielectric layer 182 has small openings (e.g., holes, slots, or 
equivalent perforations) 180 to prevent plasma expansion upstream from discharge 
chamber 111 through gas inlet 120. One or more RF energy sources 170 are coupled to 

25 inductor 115, which surrounds discharge chamber 111 and dissociates one or more gases 
passing through discharge chamber 111. The discharge chamber walls 200 may be made 
of various materials (e.g., a dielectric material such as, ceramic, glass, or an equivalent). 
Discharge chamber 1 1 1 is coupled to a second chamber (not shown) by output port 1 14. 
Discharge chamber 1 1 1 is coupled to output port 1 14 by constriction 1 18 to achieve a high 
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power density. Constriction 1 18 in one embodiment is within a removable insert, which 
can allow the constriction 1 18 to be disposable, easier to clean, and/or within a different 
material than the discharge chamber material. The material used for constructing the 
constriction 118 in alternative embodiments can either be reactive or un-reactive with the 
S plasma, as desired. 

[0035] In FIG. 2A, gas inlet 120 with a means to control backwards plasma expansion 
supplies one or more gases to discharge chamber 111. Discharge chamber 111 also has a 
dielectric layer 182 between the discharge chamber 111 and a protruding first electrode 
190. Both the first electrode 190 and a second electrode 192 are connected to one or more 

10 RF energy sources 170. One or more RF energy sources 170 provide the power to 

dissociate one or more gases passing through discharge chamber 111. Discharge chamber 
1 1 1 is coupled to a second chamber (not shown) by ou^ut port 1 14. Discharge chamber 
1 1 1 is coupled to output port 1 14 by constriction 1 18 to achieve a high power density. 
Constriction 1 18 in one embodiment is within a removable insert, which can allow the 

15 constriction to be disposable, easier to clean, and/or a different material than the material 
of output port 1 14. The material used for constructing the constriction 1 18 can either be 
reactive or non-reactive with the plasma, as desired. In alternative embodiments of the 
invention the constriction 1 18 and output port 1 14 are a one-piece insert, including a 
reactive or non-reactive material. 

20 [0036] In FIG. 2B, metal or dielectric material 184 encloses a gas inlet 120 which 

supplies one or more gases to discharge chamber 111. Small openings 180 in material 186 
(comprising an optional metal electrode or dielectric material) prevent plasma expansion 
upstream fi^om discharge chamber 111 through gas inlet 120. Discharge chamber 111 also 
has a first electrode 190 and a second electrode 192 that are connected to one or more RF 

25 energy sources 170. Dielectric material 188 separates first electrode 190 and second 

electrode 192. One or more RF energy sources 170 provide the power to dissociate one or 
more gases passing through discharge chamber 111. Discharge chamber 1 1 1 is coupled to 
a second chamber 21 1 by constriction 1 18 (to achieve a high power density plasma) and 
second electrode 192 within output port 1 14. Adjacent to output port 1 14 are dielectric 
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material 194, and optional dielectric material 196 to control plasma extension downstream. 
The second discharge chamber 21 1 in altemative embodiments can be constructed with 
walls 200 made of various materials (e.g., a metal, or a dielectric material such as, ceramic, 
glass, or an equivalent). Constriction 1 18 in one embodiment is within a removable insert, 
5 which can allow the constriction 1 1 8 to be disposable, easier to clean, and/or within a 
different material than the discharge chamber material The material for constructing 
constriction 118 can include material either reactive or xm-reactive with the plasma, in 
altemative embodiments. 

[0037] In FIG. 2C, gas inlet 120 supplies one or more gases to discharge chamber 111. 

10 Discharge chamber 1 1 1 is coupled to a second chamber 2 1 1 by output port 114, and one or 
more gases leave second chamber 21 1 by gas outlet 220. Discharge chamber 111 also has 
a first electrode 190 and a second electrode 192 that are connected to one or more RF 
energy sources 170. One or more RF energy sources 170 provide the power to dissociate 
one or more gases passing through discharge chambers 111 and 211. Discharge chamber 

15 111, may be enclosed by various materials (e.g., a dielectric material such as, ceramic, 
glass, or an equivalent). Discharge chamber 1 1 1 is coupled to output port 1 14 by 
constriction 1 18 to achieve a high power density. Constriction 1 18 in one embodiment is 
within a removable insert, which can allow the constriction 1 18 to be disposable, easier to 
clean, and/or within a different material than the discharge chamber material. The material 

20 for constructing the constriction can either be reactive or un-reactive vnth the plasma, as 
desired. 

[0038] In FIG. 2D, metal or dielectric material 184 encloses a gas inlet 120 which 
supplies one or more gases to discharge chamber 1 1 1 enclosed within dielectric material 
188. Small openings 180 in material 186 (comprising an optional metal electrode or 
25 dielectric material) prevent plasma expansion upstream from discharge chamber 1 1 1 
through gas inlet 120. Discharge chamber 111 also has a first electrode 189 (e.g., a 
metallic band enclosing discharge chamber 111) and a second electrode 192 that are 
connected to one or more RF energy sources 170. Dielectric material 188 separates first 
electrode 189 and second electrode 192. One or more RF energy sources 170 provide the 
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power to dissociate one or more gases passing through discharge chamber 111. Discharge 
chamber 1 1 1 is coupled to a second chamber 211 by constriction 1 18 (to achieve a high 
power density plasma) and second electrode 192 within output port 1 14. The second 
discharge chamber 21 1 in alternative embodiments can be constructed with walls 200 
5 made of various materials (e.g., a metal, or a dielectric material such as, ceramic, glass, or 
an equivalent). Constriction 1 1 8 in one embodiment is within a removable insert, which 
can allow the constriction 1 18 to be disposable, easier to clean, and/or within a different 
material than the discharge chamber material. The material for constructing constriction 
1 18 can include material either reactive or un-reactive with the plasma, in altemative 
10 embodiments. 

[0039] In FIG. 2E, metal or dielectric material 184 encloses a gas inlet 120 which 
supplies one or more gases to discharge chamber 111 enclosed within dielectric material 
188. Small openings 180 in material 186 (comprising a dielectric material, or optional 
metal electrode in an altemative embodiment) prevent plasma expansion upstream from 

15 discharge chamber 1 1 1 through gas inlet 120. Discharge chamber 1 1 1 also has first 
electrode 189 (e.g., one or more conducting bands enclosing chamber 111) and second 
electrode 191 (e.g., a plurality of metallic bands enclosing discharge chamber 111) that are 
connected to one or more RF energy sources 170. In an altemative embodiment, optional 
electrode 192 is connected to one or more RF energy sources as a replacement or 

20 supplement to second electrode 191. Dielectric material 188 electrically separates first 
electrode 189 and second electrode 191. One or more RF energy sources 170 provide the 
power to dissociate one or more gases passing through discharge chamber 111. Discharge 
chamber 1 1 1 is coupled to a second chamber 21 1 by constriction 1 18 (to achieve a high 
power density plasma) within output port 1 14. The second discharge chamber 21 1 in 

25 altemative embodiments can be constructed with walls 200 made of various materials (e.g., 
a metal, or a dielectric material such as, ceramic, glass, or an equivalent). Constriction 118 
in one embodiment is within a removable insert, which can allow the constriction 1 18 to be 
disposable, easier to clean, and/or within a different material than the discharge chamber 

10 
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material The constriction 1 1 8 can include material either reactive or un-reactive with the 
plasma, in alternative embodiments. 

[0040] In FIG. 3, gas inlet 120 provides one or more gases to discharge chambers 111, 
311,41 1, and 511, which are coupled to chamber 313 for combining the one or more gases 
5 from the chambers 111,311,411, and 511, and supplying one or more gases to chamber 
313. One or more RF energy sources 170 provide the power for the plurality of discharge 
chambers, connected to the discharge chambers 111,311,411, and 511 individually 
(allowing independent operation of the discharge chambers) or connected to the discharge 
chambers 111,311,411, and 5 1 1 as a group (connections are not shown). Inductor 115 

10 surrounds discharge chamber 111 and dissociates the gas passing through chamber 111. 
Similarly, inductor 116 surrounds discharge chamber 31 1 and dissociates the gas passing 
through chamber 311. Similarly, inductors 4 1 5 and 5 1 6 surround discharge chambers 4 1 1 
and 511, respectively and dissociate the one or more gases passing through chambers 411 
and 511, respectively. Discharge chamber 1 1 1 is coupled to chamber 313 by constriction 

15 118 and discharge chamber 3 1 1 is coupled to chamber 3 1 3 by constriction 1 1 9. Discharge 
chamber 41 1 is coupled to chamber 313 by constriction 418 and discharge chamber 51 1 is 
coupled to chamber 313 by constriction 419. The inside diameters of constrictions 118, 
1 19, 418, and 419, and the materials used to construct the constrictions can all be 
independently selected as desired. 

20 [0041] In FIG. 4, gas inlets 120 and 122 each provide one or more gases to discharge 
chambers 1 1 1 and 412, respectively, which are coupled to chamber 3 13 for combining the 
plasma from the chambers 1 1 1 and 412 (through chamber 413). Small openings 180 
prevent plasma expansion upstream from chamber 412. Inductor 115 surrounds discharge 
chamber 1 1 1 and dissociates the gas passing through chamber 111. Similarly, a first 

25 electrode 190 and a second electrode 192, isolated by dielectric 200, surround discharge 
chamber 412 and dissociate the gas passing through chamber 412. One or more RF energy 
source(s) 170 supply the power to each discharge chamber, connected either in parallel or 
independently (connections are not shown). Independent operation of each discharge 
chamber (such as, using different RF frequencies, different power levels ranging from tens 

11 
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to thousands of watts, and equivalent attributes) permit fast changes in plasma composition 
by simply varying the power levels in altemative embodiments of the invention. 
Discharge chamber 1 1 1 is coupled to chamber 313 by constriction 118 and discharge 
chamber 412 is coupled to chamber 413 by constriction 1 19. The inside diameters of 
5 constrictions 1 18 and 1 19 and the materials used to construct the constrictions 1 18 and 1 19 
can all be independently selected as desired. The materials used to construct the 
constrictions 1 1 8 and 1 19 can be selected to be reactive or non-reactive with the plasma to 
which they are exposed. 

[0042] When un-compatible chamber material and gas types occur (such as quartz and 

10 fluorine gas) multiple plasma sources can be used to dissociated each gas independently 
and the exhaust gas is combined to provide the desired mix of chemicals, such as in FIG. 4. 
[0043] In FIG. 5, gas inlets 120 and 122 provide one or more gases to discharge 
chambers 111 and 3 1 1 which are coupled to chamber 3 13 for combining the plasma from 
the discharge chambers 1 1 1 and 311 and supplying plasma to chamber 313. Inductor 115 

15 surrounds discharge chamber 111 and dissociates the gas passing through chamber 111. 
Similarly, inductor 1 16 surrounds discharge chamber 311 and dissociates the gas passing 
through chamber 311. The RF power is supplied to inductors 115 and 1 16 by one or more 
RF energy sources (not shown). Discharge chamber 1 1 1 is coupled to chamber 313 by 
constriction 118 and discharge chamber 3 1 1 is coupled to chamber 3 13 by constriction 

20 119. The reactive ionic species and neutral species flow through constrictions 1 1 8 and 1 19 
into chamber 313, where they mix and pass through port 3 14 to a treatment chamber, such 
as shown in FIG. 8. The inside diameters of constrictions 118 and 1 19, and the materials 
used to construct the constrictions 118 and 1 19, can all be independently selected as 
desired. FIG. 5 illustrates an embodiment of the invention in which the discharge 

25 chambers are essentially operating in parallel vs^ien inductors 115 and 1 16 are connected 
together to the same RF energy source(s). In an altemative embodiment, inductors 115 
and 1 16 are connected to different RF energy source(s) to operate independently. 
[0044] In operation, a gas (e.g., an oxygen-based or halogen-based gas, or an equivalent 
gas) is supplied to discharge chamber 111 from a suitable source (not shown) and 

12 
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discharge chambers 1 1 1 and 3 1 1 are optionally supplied with one or more other gases from 
a suitable source (not shown). The flow of gases in each discharge chamber is limited by 
the size of the constriction and the need to maintain a pressure of few tenths of a Torr to 
few tens of Torrs. When one discharge chamber alone cannot handle the total flow 
5 required then additional discharge chambers are placed in parallel to satisfy the proceeding 
requirement. The composition of the one or more gases can be changed while keeping the 
total flow constant. A mixture of 1 percent to 99 percent of an oxygen-based, a halogen- 
based gas, or an equivalent gas can be appropriate for various applications of alternative 
embodiments of the invention. 

10 [0045] RF power from one or more RF energy sources (not shown) is coupled to the 
discharge chambers 111 and 311 by inductors 115 and 116. It has been found that an 
applied power of as little as 10 watts per discharge chamber is sufficient to dissociate one 
or more gases. The gases dissociate, forming reactive ionic species and reactive neutral 
species, and flow through constrictions 118 and 119 into chamber 313 where they mix and 

15 pass through output port 1 14 to a treatment chamber, such as shown in FIG. 8. 

[0046] The length of the tubing or piping between chambers does not appear to be critical 
but the length, inside diameter, and the material of the inner part of the tube can increase 
the pressure in the discharge chamber and decrease the amount of reactive neutrals 
available. Gas flow per tube can typically range from a few standard cubic centimeters 

20 (seem) to thousands of seem in alternative embodiments of the invention. 

[0047] FIG. 6 illustrates an alternative embodiment of the invention in wiiich the 
discharge chambers operate in series. One or more reactive gases are supplied to discharge 
chamber 1 1 1 and dissociated by RF power coupled through inductor 1 15 to pass through 
constriction 1 1 8 coupled to discharge chamber 311. One or more other gases are supplied 

25 through port 122 to discharge chamber 311 where the one or more gases are dissociated by 
the RF power from inductor 1 16 and exhausted through constriction 1 19. The RF power is 
supplied to inductors 115 and 1 16 individually or as a group by one or more RF energy 
sources (not shown). In one embodiment of the invention, the power applied to each of the 

13 
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inductors 1 15 and 1 16 is typically less than 100 watts, but a larger power could be used in 
alternative embodiments of the invention. 

[0048] In accordance with one altemative embodiment of the invention, inductor 1 16 is 
eliminated and the power applied to inductor 1 IS can range from as little as 10 watts to 
5 thousands of watts. When using a single inductor, the energy supplied to the reactive gas 
is coupled by the reactive gas to another gas, dissociating the other gas in discharge 
chamber 311. One or more gases are withdrawn through constriction 1 1 9 to a treatment 
chamber (such as shown in FIG. 8). 

[0049] FIG. 6 illustrates an altemative embodiment of the invention in which one or 

10 more gases are supplied to discharge chamber 111 through input port 120. One or more 
additional gases are supplied to discharge chamber 311 through input port 122. Discharge 
chamber 1 1 1 is coupled to discharge chamber 3 1 1 by constriction 1 1 8. In one embodiment 
of the invention, the inside diameter of constriction 1 19 is larger than or equal to the inside 
diameter of constriction 118. It appears that the plasma is most active at the constriction 

15 rather than being centered within the inductors, 

[0050] The location of the most active portion of the plasma provides a visual check for 
assuring proper operation of the apparatus. The location of the most active region can be 
used to determine the optimum size of the constriction in the reactive gas supply. If the 
plasma appears most active within the discharge chamber rather than near the constriction, 

20 the constriction on the discharge chamber is too large. 

[0051] FIG. 7 illustrates an altemative embodiment of the invention in which one or 
more reactive gases and another gas are supplied to a single discharge chamber. In FIG. 7, 
one or more reactive gases are supplied to discharge chamber 1 1 1 through input port 120. 
One or more additional gases are supplied to discharge chamber 111 through input port 

25 122. RF power is coupled to within the discharge chamber 1 1 1 by inductor 115 and an 
adequate power is applied for dissociation of the one or more reactive gases. The RF 
power is supplied to inductor 1 15 by one or more RF energy sources (not shown). The 
output from chamber 111 includes constriction 118 and the one or more dissociated gases 
are withdrawn from discharge chamber 111 through constriction 1 1 8. In one embodiment 

14 
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of the invention, constriction 118 has an inside diameter selected for operating discharge 
chamber 1 1 1 at a pressure ranging from approximately .2 Torr to several tens of Ton, 
[0052] FIG. 8 is a schematic cross-section of a chamber 861 for processing one or more 
articles. Chamber 861 includes one or more supply ports, such as supply port 863, for 
5 receiving one or more dissociated ^es and distributing them uniformly over article(s) 865 
on platen 866, In an alternative embodiment of the invention, platen 866 and/or chamber 
861 are temperature-controlled to control the temperature of the article(s) 865. Gases are 
removed from chamber 861 by a suitable vacuum pump (not shown) through one or more 
exhaust ports 868. In an ahemative embodiment of the invention, chamber 861 itself 
10 contains a plasma (not shown) generated directly in chamber 861, in addition to plasma 
supplied from other chambers. 

[0053] The invention thus provides apparatus for efficiently dissociating one or more 
reactive gases in a plasma to provide reactive ionic and neutral species, without 
contaminating the sources of the one or more reactive gases. In one embodiment of the 
15 invention, an effective amount of reactive species is obtained from a mixture of a reactive 
gas (e.g., an oxygen-based gas or a halogen-based gas, or an equivalent) and another gas at 
an applied power as low as 10 watts. 

[0054] It will be apparent to those of skill in the art that various modifications can be 
made in terms of supplying the energy to dissociate the gases and produce plasma. As 

20 shown, RF power can be capacitively coupled, rather than inductively coupled, to one or 
more discharge chambers. Virtually any gas or mixture of gases can be dissociated at 
sufficient power densities in altemative embodiments of the invention. 
[0055] A constriction from a removable insert provides great flexibility. One or more 
elements can be selectively released from material included in the insert. For example, 

25 sometimes it may not be possible to use a fluorinated gas as a process gas. If the gas 

discharge uses an oxygen-based gas and the removable constriction includes Teflon®, it is 
possible to release fluorine from the Teflon® by applying enough RF power to raise the 
temperature of the Teflon® and make it react with the activated oxygen to form COF2 in 
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the downstream plasma. The amount of the fluorine released is controlled (in part) by 
temperature, which can be controlled by the RF power level. 
[0056] When large gas flow is required, the use of multiple discharge chambers 
operating in parallel can be used. This reduces the gas flow per chamber and keeps the 
5 operating pressure in the optimum range for each chamber. The use of multiple discharge 
chambers for multiple plasma sources is also beneficial since downstream plasma 
concentration of neutrals is greater with three 100- watt plasma sources than the 
concentration of neutrals generated by one 300-watt plasma source. Having independent 
and multiple discharge chambers also allows a quick change in the plasma composition in 
10 the combined downstream plasma by simply varying the power level for one or more 
selected discharge chambers. 

[0057] FIG. 9 illustrates a flowchart of a method to provide a higher power density 
plasma, according to one embodiment of the invention. The sequence starts in operation 
902. Operation 904 includes supplying one or more gases from a source to a first chamber. 

15 This operation in some embodiments of the invention would include using a means for 
controlling (i.e., reducing or preventing) expansion of plasma back through the source 
from the first chamber. Operation 906 includes applying RF power to dissociate one or 
more ^es and create plasma. Operation 908 includes withdrawing the one or more 
dissociated gases from the first chamber through a constriction, where the constriction is 

20 sized to increase the power density of the plasma near the constriction. Operation 910 
includes supplying the one or more dissociated gases to a second chamber containing one 
or more articles. The method ends in operation 912. Either fixed or removable inserts 
composed of the same or different materials as the chamber walls may be used to achieve a 
constriction. 

25 [0058] FIG. 10 illustrates a flowchart of a method to provide a higher power density 
plasma, according to an alternative embodiment of the inventioa The sequence starts in 
operation 1002. Operation 1004 includes supplying one or more gases from a first source 
to a first chamber. Operation 1004 in some embodiments of the invention would include 
using a means for controlling (i.e., reducing or preventing) expansion of a plasma back 
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through the first source from the first chamber. Operation 1006 includes applying RF 
power to dissociate one or more gases and create a first plasma. Operation 1008 includes 
withdrawing the first plasma from the first chamber through a first constriction, wherein 
the constriction is sized to increase the power density of the first plasma near the first 
5 constriction. Operation 1010 includes supplying one or more gases from a second source 
to a second chamber for RF power to dissociate one or more gases to create a second 
plasma. Operation 1012 includes using a second constriction to withdraw the second 
plasma from the second chamber, wherein the second constriction is sized to increase the 
power density of the second plasma near the second constriction. Operation 1014 includes 

10 supplying the first plasma from the first chamber and the second plasma from the second 
chamber to a third chamber containing one or more articles. The method ends in operation 
1016. Either fixed or removable inserts composed of the same or different materials as the 
chamber walls may be used to achieve the constrictions. In an altemative embodiment of 
the invention, an insert can react with plasma to release one or more elements into the 

15 plasma. In one embodiment of the invention, the first chamber and second chamber are 
constructed identically. In an altemative embodiment of the invention, the first chamber 
and second chamber are constructed differently and use either inductive coupling or 
capacitive coupling to apply RF power to the chambers. 

[0059] FIG. 1 1 illustrates a flowchart of a method to provide a higher power density 
20 plasma, according to an altemative embodiment of the invention. The sequence starts in 
operation 1 102. Operation 1 104 includes supplying one or more gases to a first chamber. 
Operation 1 104 in one embodiment of the invention would include a means for controlling 
the upstream expansion of the one or more gases. Operation 1 106 includes applying RF 
power to dissociate one or more gases to create a first plasma. Operation 1 108 includes 
25 withdrawing the first plasma from the first chamber through a first constriction, wherein 
the constriction is sized to increase the power density of the first plasma near the first 
constriction. Operation 1110 includes supplying one or more gases to a second chamber 
for RF power to dissociate one or more gases (identical or different to the one or more 
gases in the first chamber) to create a second plasma. Operation 1112 includes using a 
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second constriction to withdraw the second plasma from the second chamber, wherein the 
second constriction is sized to increase the power density of the second plasma near the 
second constriction. Operation 1114 includes positioning the exhaust of the first and 
second plasmas (first and second constrictions) in front of each other so that the plasma is 
S enhanced in selected locations. Operation 1116 includes supplying the first plasma and 
second plasma to a third chamber containing one or more articles. The method ends in 
operation 1118. Either fixed or removable inserts composed of the same or different 
materials as the chamber walls may be used to achieve the constrictions. In an alternative 
embodiment of the invention, one or more inserts include material that can react with 

10 plasma to release one or more elements into the plasma. In one embodiment of the 
invention, the first chamber and second chamber are constructed identically. In an 
alternative embodiment of the invention, the first chamber and second chamber are 
constructed difiTerently and use either inductive coupling or capacitive coupling to apply 
RF power to the chambers. 

15 [0060] FIG. 12 illustrates a flowchart of a method to provide a higher power density 
plasma in series, according to an alternative embodiment of the invention. The sequence 
st£urts in operation 1202. Operation 1204 includes positioning one or more inserts in a 
plasma system to create one or more constrictions in one or more chambers. Either fixed 
or removable inserts composed of the same or different materials as the chamber walls may 

20 be used to achieve the constrictions. Operation 1206 includes supplying one or more gases 
to a first chamber. Operation 1206 in one embodiment of the invention would include a 
means for controlling the upstream expansion of the one or more gases. Operation 1208 
includes applying RF power to dissociate one or more gases and create a first plasma. 
Operation 1210 includes withdrawing the first plasma from the first chamber through a 

25 first constriction, wherein the constriction is sized to locate high power density plasma 
near the first constriction. Operation 1212 includes supplying one or more gases to a 
second chamber in series to the first chamber to dissociate one or more gases (identical or 
different to the one or more gases in the first chamber) to create a second plasma. 
Operation 1214 includes using a second constriction to withdraw the second plasma from 
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the second chamber, wherein the second constriction is sized to produce higher power 
density plasma near the second constriction. Operation 1216 includes supplying the first 
plasma and second plasma to a third chamber containing one or more articles. The method 
ends in operation 1218. In an alternative embodiment of the invention, one or more inserts 
5 include material that can react with plasma to release one or more elements into the 
plasma. In an alternative embodiment of the invention, the first chamber and second 
chamber are constructed differently and use either inductive coupling or capacitive 
coupling to apply RF power to the chambers. 

[0061] The exemplary embodiments described herein are for purposes of illustration and 
10 are not intended to be limiting. Therefore, those skilled in the art will recognize that other 
embodiments could be practiced without departing firom the scope and spirit of the claims 
set forth below. 
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